The diversity of filamentous bacteria present in industrial wastewater treatment plants was analysed by a combination of classical and molecular-biological approaches. Many unknown filamentous bacteria were observed in about 80 screened activated sludge samples from different industries with sometimes severe bulking sludge problems. A special focus was paid to filaments which resembled "Nostocoida limicola", a filamentous bacterium which was found to be present in many WWTPs. These filamentous bacteria are hardly cultivable and only one strain was obtained and maintained in co-culture with a yeast. The 16S rRNA sequences of several other "Nostocoida limicola"-like filamentous bacteria from different sludge samples were obtained by micromanipulation and different molecular-biological methods. The sequences were phylogenetically analyzed and specific molecular probes were developed and applied. The results clearly demonstrate that "Nostocoida limicola"-like filaments from industrial WWTPs are different from all other "Nostocoida limicola" types investigated so far. Our strains are affiliated to the alpha-subclass of Proteobacteria.
Introduction
Filamentous bacteria cause severe problems in wastewater treatment plants (WWTPs) since they are responsible for cost-intensive malfunctions like sludge bulking. Today an increasing number of industrial wastewater treatment plants is threatened by this problem. A dominant filament present with increasing importance in activated sludge samples from wastewater treatment plants suffering from sludge bulking is "Nostocoida limicola" (Wanner et al., 1998) . Eikelboom and van Buijsen, 1983 described the three morphotypes I, II, and III in municipal WWTPs as gram positive bacteria with positive Neisser staining reaction. The three morphotypes differ only by their individual cell dimensions and their general appearance. Recently, based on 16S rRNA sequence analysis Blackall et al., 2000 affiliated five isolates of "N. limicola" type II to the actinomycetes subdivision. Other publications affiliated eight "N. limicola" I strains to the gram positive bacteria with a low DNA G+C content (Liu et al., 2000) and isolates of "N. limicola" III were analysed to be members of the phylum Planctomycetes (Liu et al., 2001) .
Filaments resembling "Nostocoida limicola" II but characterized by variability in Gram and Neisser reaction were observed in industrial WWTPs (Eikelboom and Geurkink, in press ). By combination of isolation, micromanipulation and several molecular-biological methods the phylogeny of three "Nostocoida limicola" II-like organisms were analysed and FISH probes for the specific detection of the filaments in different WWTPs were developed.
Materials and methods

Isolation
From an Italian WWTP (textile industry) strain EU24 was isolated by micromanipulation (Skerman, 1968) and cultivated on GS medium (Williams and Unz, 1985) at 20°C. The micromanipulated filament grew only in the presence of a yeast, physically separated from it by an agar layer. A pure culture from the yeast was obtained and maintained on GS medium (20°C).
Cell sorting
This approach was applied on unculturable filamentous bacteria. Approximately 200-300 cells of "Nostocoida limicola"-like from an ethanol fixed sludge sample of a Dutch wastewater treatment plant (brewery) were micromanipulated and grouped on a thin square portion of 5% agarose. The agarose squares were then transferred directly in a PCR tube with 98% EtOH (0.1-0.2 ml) for RT-PCR.
Amplification of rRNA genes
Pure cultures and the products of cell sorting were used directly without prior treatment for PCR amplification according to the protocol described in Snaidr et al., 1997 . For the amplification of the yeast rRNA, primers with binding positions on the 18S rRNA were used (White et al., 1990) . The nucleotide sequences were 5′-GTAGTCATATGCTTGTCTC-3′ and 5′-TCCGCAGGTTCACCTACGGA-3′. PCR amplification resulted in a fragment of about 1,800 bp.
RT-PCR
A RT-PCR procedure was developed to derive 16S rDNA sequences from sorted cells. Based on freeze-dried sorted material of filamentous bacteria a procedure was performed using the Promega RT-PCR System and following the instructions of the manufacturer. A heating step 94°C, 3 min. was followed by cooling the sorted material on ice and 30 sec vortexing with zyrconic beads. After a first RT-PCR with primers U27f (5′-AGAGTTTGATCMTGGCTCAG-3′) and U1492r (5′-GGTTACCTTGTTACGACTT-3′) under the following conditions: 1 cycle 45 min 48°C, 1 cycle 2 min 94°C, 40 cycles (45 sec 94°C; 1 min 55°C 2 min 68°C), 1 cycle 5 min 68°C, a second nested PCR was performed with primers EUB341f (5′-CCTACGGGAGGCAGCAG-3′) and U1401r (5′-GCGTGTGTACAAGACCC-3′) under the following conditions: 1 cycle 2 min 94°C, 35 cycles (45 sec 94°C; 1 min 55°C; 2 min 72°C), 1 cycle 5 min 72°C. The final product had a length of about 1,100 bp.
Cloning PCR products were cloned with the TOPO cloning kit from Invitrogen according to the manufacture's recommendations.
Sequencing and data analysis
Nucleotide sequences of the clones were determined by the didesoxynucleotide method (Chen and Seeburg, 1985) and analysed with an automated DNA sequencer (ABI) method (Big Dye chemistry -ABI ; Chen and Seeburg, 1985) and edited using Sequencher DNA sequencing software (Gene Codes Inc.) by Eurogentec, Belgium. Sequences were added to the 16S rRNA sequence database of vermicon using the software package ARB (Strunk and Ludwig, 1997) . The tool ARB_EDIT was used for sequence alignment. The alignment was checked by eye and manually corrected.
Probe design and FISH analysis
Based on the > 15,000 rRNA sequences containing database of vermicon, specific oligonucleotide probes were developed using the tool ARB_PROBE DESIGN. The probes labeled with different fluorochromes were synthesized, purified and controlled by Eurogentec, Belgium. They were evaluated on the original sludge samples and stringent hybridization parameters were determined. FISH analysis was performed according to Wagner et al., 1993 .
Results and discussion
Cultivation experiments
More than 150 different filaments morphologically similar to "Nostocoida limicola" II were micromanipulated to obtain pure cultures on different growth media and cultivation conditions. However, the efficiency of the cultivation of these micro-organisms was extremely poor. In most cases the micromanipulated filaments started to grow independently on the used media. After a week the filaments stopped growing and cells rapidly showed lysis. This suggests that the organisms were in an active, viable and reproductive stage and that the initial conditions were proper (temperature, medium, aerobic and redox conditions etc), but some unknown factor(s) prevented the cultivation. Only one strain was obtained in pure culture (strain EU24) growing in the presence of a yeast coming from the same activated sludge sample.
Isolation of EU24
Only one strain of "Nostocoida limicola" II-like (strain EU24) was obtained in pure culture. The isolate EU24 is a Gram negative, Nesser lightly positive filamentous bacteria with a diameter of 1.0-1.5 µm, and composed of disc round cells. A characteristic feature of the isolate was its apparent strict interaction with a large coccus-shaped organism observed in the same activated sludge sample, which was identified as a yeast. Any attempts to grow EU24, cultivating it separately from this eucaryotic organism, failed, whereas the yeast could be maintained in pure culture on GS medium (20°C). EU24 seems to need one or more "specific factors" produced by the yeast or it benefits from the removal of toxic compounds. Further cultivation experiments showed that the filament and the yeast might be separated by an agar barrier without stopping the filamentous growth, but forcing morphology variation of the filaments: the filaments of the microorganism were shorter and cells looked more damaged. The pure culture of EU24 is maintained growing the yeast and the bacterium in the same agar plate separated by an agar barrier.
Phylogenetic analysis of the growth supporting yeast
A pure culture of the yeast was directly amplified using conservative primers which targeted the 18S rRNA gene. The obtained PCR product was cloned. Sequence analysis was performed with two clones. Comparative sequence analysis of the clones showed 99.3% 18S rRNA similarity and as the sequences revealed 98.3% sequence similarity to Debaryomyces hansenii, a member of the Saccharomycetaceae; the yeast is suggested to represent a strain of Debaryomyces hansenii.
Phylogenetic analysis of EU24
PCR amplification of strain EU24 with conservative primers which targeted the 16S rRNA resulted in a PCR product of about 1,500 bp. This product was cloned and the clone sequence was phylogenetically analysed. It is affiliated to the alpha-subclass of Proteobacteria. The clone sequence showed the highest similarity of 90.6% to the 16S rRNA sequence from a "Nostocoida limicola " II-like filament PPx3. It was shown in a former study (Snaidr et al., in preparation) that this filament was present in the activated sludge of a paper mill treatment plant suffering from bulking sludge problems through the excessive growth of that filament. Since the cultivation of this filament failed, a full cycle rRNA approach was applied on this sludge according to Snaidr et al., 1997 . Phylogenetic analysis revealed an affiliation to the alpha-subclass of Proteobacteria and the 16S rRNA sequence of PPx3 showed the highest similarity of 87.3% to Rhodospirillum sodomense. A specific probe was developed and applied in activated sludge samples for specific monitoring of this filament (Snaidr et al., in preparation) . See Figure 1 for phylogenetic results.
Phylogenetic analysis of sequences obtained by the "cell sorting -RT PCR" approach Due to the difficulties in growing "Nostocoida limicola" II-like filaments, an alternative approach was followed to obtain more information about the biodiversity of this filamentous morphotype in industrial WWTPs. Cell sorting of "Nostocoida limicola" II-like filaments belonging to the alpha-subclass of Proteobacteria and dominating a Dutch WWTP (brewery) was performed and RT-PCR was applied. The micromanipulated bacteria appeared as thin (0.8-1.0 mm) Gram and Neisser negative filaments. A PCR product of about 1,100 bp was derived from 200 to 300 cells, subsequently cloned and sequenced. Phylogenetic analysis of one clone confirmed the affiliation to the alpha-subclass of Proteobacteria. Comparative sequence similarity of the clone revealed a 16S rRNA sequence similarity of 82.6% to PPx3 and of 84.3% to the sequence of EU24.
Development of specific probes and screening results
Based on the retrieved 16S or 18S rRNA sequences specific oligonucleotide probes for in situ hybridization were developed (see table 1 ). The application of the fluorescently labeled probes (Noli-644, PPx3-1428 and MC2-649) with FISH allowed monitoring of the "Nostocoida limicola" II-like filaments belonging to the alpha-subclass of Proteobacteria in Figure 1 Phylogenetic tree of "Nostocoida limicola" II-like filaments all investigated sludge samples. No correlation between the type of industry and the filaments present was observed. The filaments were present in the sludge samples with different frequencies. Strain EU24 was present in at least one third of all sludge samples (33%) and was the dominant filament in 3 industrial WWTPs. Strain PPx3 and strain MC2 were present in 21% and 11%, respectively, of all sludge samples. They were the dominant filaments in 4 and 5, respectively industrial WWTPs. Totally the filaments detected with the developed specific probes were dominant in 24% of the WWTPs with bulking problems. "Nostocoida limicola" strains belonging to the gram positive bacteria with a high DNA G+C content detected with an unpublished probe from Seviour were present in only 6% of all industrial WWTPs.
Taxonomic considerations
Phylogenetic analyses of the sequences of the three different "Nostocoida limicola" II-like filaments revealed that they represent a new genus within the alpha-subclass of Proteobacteria. They were not related to the described Australian and Italian "Nostocoida limicola" II filaments belonging to the gram positive bacteria with a high DNA G+C content , which were described as Candidatus "Nostocoida limicola". Therefore, the proposed name for the newly developed genus from this study is Alisphaera (Tandoi et al., in preparation) . EU24 is proposed to be named Alisphaera europea (Alisphaera from Alysion: chain in Greek, and europea: deriving from a common European effort and present in European countries), PPx3 is proposed as Alisphaera PPx3 and MC2 is proposed as Alisphaera MC2.
Conclusions
Filamentous bacteria resembling "Nostocoida limicola"-like filaments were observed in a large number of different sludge samples from European industrial activated treatment plants. The abundance of these organisms in industrial wastewater treatment plants links this group to more or less severe sludge bulking problems. In contrast to the former description of "Nostocoida limicola" filaments as gram-positive and Neisser positive filamentous bacteria (Eikelboom and van Buijsen, 1983 ) the staining behaviour of most "Nostocoida limicola"-like filaments from this study was variable.
By the combination of classical methods like cultivation applied after a micromanipulation step to isolate the filamentous bacteria and subsequent application of different molecular biological methods we were able to assign the three obtained 16S rRNA sequences to the alpha-subclass of Proteobacteria. The RT-PCR approach was successfully applied and seems particularly useful to analyze filaments that fail to grow in the laboratory. The investigated filaments represent a new genus within this subclass with the proposed name Alisphaera.
In contrast to recently published "Nostocoida limicola" II strains, which are members of the gram positive bacteria with a low DNA G+C content , we could demonstrate that filamentous bacteria morphologically similar to "Nostocoida limicola" II are not members of the same phylogenetic group. This result underlines the difficulties in correct identification of these filaments with conventional methods. FISH-analysis with the newly designed probes facilitates monitoring of the filaments directly in the sample and also allows specific identification. The Alisphaera genus is highly relevant to sludge bulking in industrial WWTPs since they are large and robust filaments and were found to be dominant in 24% of the screened industrial WWTPs with increased numbers of filaments. In the future, measures against sludge bulking problems will be dependent on the correct identification of the "Nostocoida limicola" II filaments present in a given sludge sample. Additional investigation on the physiological properties of the newly described "Nostocoida limicola" II belonging to the alpha-subclass of Proteobacteria will be necessary to clarify their presence in industrial WWTPs and the physiological differences with the High G+C Gram positive Nostocoidas. Furthermore, the observation that a yeast supports the growth of a filamentous bacterium is exciting and could facilitate further isolation of filaments.
